Abstract
Introduction

Stimuli
Stimuli representing both bitterness (quinine monohydrochloride dihydrate, "quinine", Sigma-109 Aldrich, St. Louis, MO; and tannic acid, Sigma-Aldrich) and the three broad classes of astringent 110 compounds (aluminum sulfate, "alum"; malic acid, Milliard Brands, Lakewood, NJ; and tannic 111 acid) were chosen and evaluated at three concentrations in a flavored beverage (Table 1) . flavors on astringency perception, alum and tannic acid in water alone were included in the 120 sample set (only two water-based comparisons were included to minimize the number of tested 121 samples; tannic acid and alum were selected as commonly studied astringents). The "flavored 122 beverage" solution with no stimuli was also included.
124
As the term "puckering" could be confused with sour taste, we tested the hypothesis that
125
"constricting" could be used in place of "puckering." The entire sample set was thus evaluated 126 on two testing days, where the only difference was the descriptor name (see Supplemental Table   127 1 for group sample sizes and characteristics across days). The order of these two days was 128 randomly assigned to participants. Fifteen participants attended only one day or failed the warm-129 up exercise on a single day; as the statistical code can account for missing values without any further adjustments, their data remains in the final analysis. During check-in, participants were 131 given a verbal overview of the study procedures, namely to pour the entire sample (10 mL) in 132 their mouth, hold and swish it for 10 seconds, swallow the sample, and then rinse with water.
133
Participants were told they could swallow or spit the rinse water. These instructions were also 134 provided on-screen for each sample. A two-minute inter-stimulus interval was enforced using an 135 on-screen timer. As the rinse was not being evaluated and there was an enforced wait time, we 136 did not feel that swallowing the rinse water would significantly influence perception of the 137 samples. Participants evaluated samples in a counter-balanced order using the gVAS for three 138 side-tastes (sweetness, sourness, and bitterness, presented in a randomized order between 139 subjects) and three astringent sub-qualities (drying, roughing, and puckering/constricting, 140 presented in a randomized order between subjects). Each screen contained a reminder of scale 141 usage: "Remember, 'Strongest Ever' is the strongest sensation of any kind that you have ever 142 experienced." Descriptions for each of the astringent sub-qualities were provided on-screen for 143 every sample, based on existing definitions (Lawless & Corrigan, 1994; Lee & Lawless, 1991) 144 but slightly modified to simplify wording. Drying was defined as, "A lack of moistness or 145 lubrication that causes a feeling of friction between mouth surfaces;" roughing as, "An un-146 smooth or bumpy texture comparable to sandpaper;" and puckering or constricting as, "A 147 tightening, shrinking, or pulling feeling in the mouth, lips, and/or cheeks." 
Statistical analysis
150
Data was analyzed using SAS 9.4 using the mixed procedure to generate linear mixed models.
151
Participant was identified as a repeated measure using the autoregressive covariance structure Table 2 . 
Results and discussion
173
In this study, we established dose response functions for three astringent stimuli and quinine in a 174 model flavored beverage (Table 3, Supplemental Tables 1 and 2 ). Astringency perception, as 175 measured by drying, roughing, and puckering/constricting, increased with concentration in each stimuli: bitterness and sourness perception increased, while sweetness perception decreased with 178 concentration of astringent. Furthermore, we found that the use of "constricting" in place of 179 "puckering," when paired with the same definition, did not affect participant ratings (Figure 1 ).
180
Repeated tasting of the samples influenced astringency ratings in alum and malic acid, but not 181 tannic acid. Compared to water, the use of a flavored beverage blunted astringency ratings in 182 tannic acid, but not alum (Figure 2 ). These findings are described in detail below. 
Effect of stimuli concentration on sensory ratings
185
The effect of each factor on participant response (Model 2) is shown in Table 3 . As expected,
186
ratings for all astringent sub-qualities increased with concentration for alum, malic acid, and 187 tannic acid. Interestingly, perception of astringency increased with quinine concentration as well.
188
We detected a significant difference between each sub-quality for each astringent stimuli,
189
contrasting others' conclusions that the terms "drying" and "roughing" are redundant (Fleming, 190 Ziegler, & Hayes, 2016) . Whether the size of the difference is relevant to participant perception 191 is an area for further research. For both alum and tannic acid samples, drying was rated as the 192 most intense sub-quality, while puckering/constricting followed by drying was the most intense (46%) endorsement of "bitter" for alum samples in a CATA design (Fleming et al., 2015 (Fleming et al., , 2016 .
206
The lack of participant training both in our study and others' may partially explain observations Tables 1 and 2. 3.2 No effect of "constricting" in place of "puckering" on sensory ratings.
245
To clarify potential misunderstanding and misreporting of astringent sensations, we tested 246 whether "constricting" could be used in place of "puckering" to describe the same sub-quality.
247
Untrained participants may confuse sourness with astringency, as suggested by similar ratings 248 given in aronia berry juice samples (Duffy et al., 2016) . Using "puckering" to describe 249 astringency may add further confusion, as untrained participants rate puckering intermediate to In the current work, using "constricting" in place of "puckering" had no effect on participant 255 ratings (Figure 1 ). Due to the similarity of the means, we suspect that higher-powered analyses 256 would also fail to detect a difference. However, in our study the definitions for astringent sub-257 qualities were given on every screen. It is possible that different behavior could be observed if 258 the definition were not always available to participants. Because puckering is considered a 259 primary descriptor of astringency (Fleming et al., 2016) , evaluating this sub-quality is important 260 for future astringency research. Whether the use of constricting in place of puckering clarifies 261 potential confusion between astringency and sourness remains to be determined, as this study 262 was not designed to determine the effect of wording on sourness ratings. and tannic acid, the presence of the beverage matrix increased sweetness ratings, as expected.
298
Compared to water, the flavored beverage matrix lowered astringency and bitterness ratings in 
Conclusion
319
In this study, we found that the relative perceived intensity of astringent sub-qualities and the 320 effect of beverage matrix on astringency ratings were stimulus-dependent. Additionally, we 
